A gene locus that is functionally analogous to the recA gene of Escherichia coli was molecularly cloned from Francisella novicida. The cloned gene was found to suppress the sensitivity of an E. coli strain to DNAdamaging agents and to support genetic recombination in E. coli. After transposon mutagenesis, the recA-like gene locus was returned to F. novicida and a UV-sensitive F. novicida strain was isolated. In contrast to the wild-type strain, this UV-sensitive strain could not be transformed with chromosomal DNA. Members of the genus Francisella are gram-negative coccobacillus bacteria that can cause febrile illness in a variety of animals, including humans. As a facultative intracellular parasite, this bacterium serves as a useful model for the study of intracellular growth. In our endeavors to develop a genetic system in Francisella spp., we have begun to construct mutant strains, including a recA mutant described below.
The Escherichia coli recA gene product is a multifunctional protein required for homologous recombination (4, 5, 20, 24, 25) and DNA repair (10, 31) . The RecA protein can function as a protease which specifically cleaves the LexA repressor to induce the SOS response in E. coli (11, 16) ; the SOS network is a group of genes involved in DNA repair and mutagenesis (31, 32) . Recent evidence has suggested that the RecA protein plays a direct role in SOS mutagenesis by proteolytically cleaving and activating UmuD, one of the key proteins involved in the mutagenic pathway, and by forming a part of the protein complex thought to be involved in the introduction of mutations into the DNA (2, 6, 13, 17, 23, 34) .
Considerable evidence suggests that the functional roles of the RecA protein may be conserved in a wide range of other bacterial species. Genes reported to have RecA-like activities have been isolated from a variety of microorganisms, including Neisseria gonorrhoeae, Vibrio anguillarum, Rhizobium meliloti, Proteus vulgaris, and Salmonella typhimurium (1, 12, 14, 18, 27) . In this paper, the isolation of the recA gene of Francisella novicida is reported. The gene was identified by its ability to suppress the RecA-phenotype of an E. coli mutant. The isolated gene was mutagenized with transposon TnJO-Km and then reintroduced into the chromosome of F. novicida to create an F. novicida recA mutant strain deficient in DNA repair and related functions.
Bacterial strains, plasmids, and transposons are listed in Table 1 . E. coli strains were routinely grown in LuriaBertani (LB) medium (19); MacConkey's lactose agar was used to detect Lac' papillae. F. novicida strains were grown in Chamberlain's medium (3) or on cysteine heart agar (Difco, Detroit, Mich.) supplemented with 5% defribrinated horse blood (CHAB). Sodium ampicillin (250 ,ug/ml), kanamycin sulfate (30 p,g/ml), and chloramphenicol (10 ,ug/ml) were added to the media when needed for selection.
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somal DNA was constructed by using the positive selection vector pRL498 (7) and transformed into E. coli MM294R, a strain carrying a deletion in the recA gene. Chromosomal DNA was isolated from F. novicida by a procedure previously described (22 One of the salient features of a functional RecA protein is its proficiency at promoting genetic recombination between homologous DNA sequences (4, 5, 20, 24, 25) . The ability of the cloned recA gene of F. novicida to catalyze homologous recombination was assessed by scoring the number of Lac' recombinants arising from the introduction of recA+ recombinant plasmids into E. coli JC14604 (12) . This recA strain of E. coli harbors two partially deleted nonoverlapping copies of the lac operon, and it is possible that double-crossover recombinational events give rise to Lac' recombinants (35) .
In each of three independent experiments, we examined more than 1,000 colonies on lactose MacConkey agar for the Lac' phenotype. After 48 h of incubation at 37°C, nearly 8% of the colonies of strain JC14604(pJB1) showed Lac' papillae, whereas untransformed JC14604 showed no Lac' papillae. By comparison, we found that JC14604 harboring plasmid pVD308, which carries the N. gonorrhoeae recA locus (14) , generates approximately the same percentage of Lac' papillae. By demonstrating the ability of pJB1 to impart MMS resistance and recombinational proficiency on E. coli Apr, recA locus of N. gonorrhoeae M. Koomey (14) recA strains, we were able to conclude that pJB1 contained and expressed an F. novicida gene analogous to the recA gene of E. coli. In order to carry out transposon mutagenesis with TnIOKm, we subcloned the recA region into the Apr plasmid pYUM1118; a smaller subclone was also made in the Kmr plasmid pBGS19. Plasmid pJB1 was partially digested with Sau3AI and ligated into the BamHI sites of pYUM1118 and pBGS19 to generate plasmids pJB3 and pJB10-4, respectively (Fig. 1) . These recombinant plasmids conferred MMS resistance on and restored recombination proficiency to recA E. coli strains.
For transposon mutagenesis, E. coli carrying pJB3 was grown to a density of 4.0 x 109 CFU/ml and mixed 1:1 with X1105 phage (108 PFU/ml), which carries a mini-TnJO-Km transposon (33) . After a 30-min room temperature incubation, the cultures were incubated for 1 h with shaking (240 rpm) at 37°C, after which they were plated onto LB agar with kanamycin. After 24 h, the kanamycin-resistant survivors were pooled and a plasmid preparation was done by the alkaline lysis method (19) . The mutagenized plasmid preparation was transformed into E. coli JC14604, and kanamycinresistant transformants were screened for the RecA-phenotype. A number of transposon inserts in pJB3 which inactivated the recA gene were identified.
Plasmid pJB3 DNA containing transposon inserts that inactivated the RecA activity was used to transform F. novicida. Prior to transformation, F. novicida was grown in Chamberlain's medium (3) to a density of 5 x 108 cells per ml, centrifuged for 5 min at 7,000 x g, and suspended in a 1/10 volume of transformation buffer (30) . Plasmid DNA (1 ,ug) was introduced, and the mixture was incubated for 30 min standing and for 30 min shaking (150 rpm) at 37°C. Following this, 2.5 ml of Chamberlain's medium was added and cells were incubated at 37°C with shaking (240 rpm) for 6 to 8 h and then plated onto CHAB supplemented with kanamycin. Kanamycin-resistant transformants were isolated after 24 to 48 h of incubation at 37°C.
Kanamycin-resistant F. novicida strains were screened for the RecA-phenotype by patching colonies onto agar plates which had 100 ,u1 of MMS spread on their surfaces (1). One strain, designated JB2, was unable to grow on plates containing MMS and was found to be more sensitive to killing by UV irradiation than the wild-type F. novicida (Fig. 2) . Culture (20 ml) was grown to a density of 5 x 109 CFU/ml in Chamberlain's medium, placed in a glass petri dish, and stirred evenly with a magnetic stirrer. The culture was irradiated with UV light, and aliquots were removed at various time intervals, serially diluted in 150 mM NaCI-0.1% gelatin, and plated on CHAB agar. As shown in Fig. 2 , strain JB2 is 1,000-to 10,000-fold more sensitive to UV killing than the wild-type strain U112. To test for recombinational activity, this strain and the wild-type strain were transformed with DNA isolated from a spontaneous chloramphenicolresistant (Cmr) F. novicida strain by using the transformation protocol described above except that 100 ,ug of chromosomal DNA was used. In duplicate experiments, strain JB2 yielded no (Fig. 3A) . Also, the band in JB2 that hybridizes with the recA probe comigrates with the band that hybridizes with the kanamycin mini-transposon probe (Fig. 3B) . These data indicate that the transposon had inserted into the chromosome at the recA locus. No bands that hybridize with the kanamycin transposon or with pUC DNA were found in wild-type F. novicida (Fig. 3B and  data not shown) .
A DNA segment derived from F. novicida that encodes an activity which is functionally analogous to the RecA activity of E. coli has been cloned and identified. This conclusion is supported by the facts that (i) the cloned F. novicida DNA functionally complemented the DNA repair and recombination deficiencies of a recA mutant strain of E. coli and (ii) an F. novicida mutant showed marked deficiencies in DNA repair and homologous recombination following insertional mutation of the cloned DNA sequence and its reintroduction into the F. novicida chromosome.
